Introduction 29 Transposons comprise almost half of every eukaryote genome (Britten and Kohne, 1968; 30 International Human Genome Sequencing Consortium et al., 2001; Ketchum et al., 2000) 31 and their mobilization in the germline contributes to chromosome evolution. Non-heritable de 32 novo transposon activity in neural tissue has been proposed to contribute to functional 33 heterogeneity in the brain and to neurological disease ( 74 The Drosophila genome contains 112 families of transposons and the number of an 75 individual type varies from a few to hundreds of copies (Kaminker et al., 2002) . Conventional 76 single-cell RNAseq (scRNAseq) analysis pipelines typically discard sequencing reads that 77 align to multiple genomic loci, and so they overlook transposon expression. We therefore 78 devised an analysis pipeline to map the expression of all transposons within scRNAseq 79 data. We masked all repetitive sequences in the reference genome and then added a single 80 copy of the consensus sequence for every known transposon to the masked genome. In 81 essence this produces a Drosophila reference genome with one copy of each type of 82 transposon. We first used this modified reference genome to map transposon expression 83 onto single cells of the midbrain prepared from a fly strain expressing mCherry in ab Kenyon 84 cells (KCs) of the mushroom body (MB); from here called abCherry flies. We found evidence 85 for expression of both the sense and the antisense strand of most transposons, which 86 comprised 76.2 and 23.8% (+/-1.7% SD) of all transposon expression, respectively 87 (Supplemental figure 1). We first performed principal component decomposition of cellular 88 genes and clustered cells from the midbrain by constructing a k-Nearest-Neighbor graph on 89 the Euclidean distances in the PCA space, optimizing the modularity using the Louvain 90 algorithm (Butler et al., 2018) . This analysis grouped cells into many discrete clusters. We 91 next assigned many of these clusters to cell types in the midbrain using the expression Transposon expression correlates with that of cellular genes they are inserted within. 119 Transposons could be elevated in specific cell types because they are inserted in genes that 120 are highly expressed in the same cells. To test this hypothesis, we re-used our previously 121 published high-coverage gDNA sequence of abCherry flies. We mapped all the germline 122 transposon insertions in these flies using TEchim, a new custom-built transposon analysis 123 program. TEchim first generates long nucleotide contigs from either gDNA or cDNA 124 sequencing reads, then creates in-silico paired-end reads and screens them for cases where 125 one in-silico end maps to a cellular gene and the mate read maps to a specific transposon. 126 Since these paired-end reads are derived from contiguous sequences, TEchim permits one 127 to subsequently refer back to the original long reads to determine the precise nucleotide 128 sequence of the transposon-gene breakpoints. Using TEchim, we found copies of COPIA, 129 NOMAD, MICROPIA, BLOOD and 412 inside the genes twin-of-eyeless (toy), mushroom-130 body expressed (mub), Rhodopsin-7 (Rh7), CG32521 and tequila (teq), respectively. The 131 expression of each of these genes mirrored the expression pattern of the transposon they 132 harbored (Figure 1b-f, second graphs). The expression of these transposons in the brain of 133 abCherry flies therefore appears to be driven by their relevant host genes. Quantitative analysis reveals high fidelity transposon-gene co-expression 150 Our gDNA analysis also revealed many transposon insertions inside genes that were more 151 broadly expressed across the brain. In total, we identified 1952 germline transposon 152 insertions within genes. Of these, 881 cases were inserted in the sense direction to the open 153 reading frame of the gene and 1071 were in the antisense orientation (Supplemental Table   154 1). To quantify the correlated expression of transposons and cellular genes we devised a 155 method based on the established Hardy-Weinberg principle for quantifying linkage 156 equilibrium of two alleles in population genetics (Lewontin and Kojima, 1960) ( Figure 2a ). 157 We first binarized our scRNAseq data to generate the equivalent of bi-allelic traits in a 158 population. We then calculated the proportion of cells expressing a specific transposon, 159 multiplied it by the proportion of cells expressing a certain gene, and then subtracted this 160 value from the proportion of cells that expressed both the transposon and the gene. We 161 termed this value the Coexpression Disequilibrium, CD. We also normalized these CD . We therefore 205 tested whether chimeric mRNAs might occur more broadly and extend to all transposons.
Single-cell transcriptomics reveals cell-type restricted transposon expression
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We extracted mRNA from abCherry fly heads and generated 250 basepair long reads which 207 were screened using TEchim for chimeric reads. We also incorporated a function in TEchim 208 that maintains strand-specificity of the input reads which enabled us to unambiguously 209 assign chimera to cellular genes. This analysis revealed that a large number of transposons 210 inside introns lead to the formation of chimeric mRNAs. In total, we found chimeric mRNA 211 from 887 transposon insertions (Figure 3a , Supplemental Table 3 ). Chimera included and Waddell, 2017). It was thus important to account for similar errors in our data. We 237 therefore calculated the rate of these artefacts in our mRNA data by selecting 10 sets of 167 238 exons (with each set providing a number of sequences corresponding to the 112 different 239 transposon types and 55 LTRs) with matching expression levels in the brain. These exons 240 lack the ability to relocate in gDNA so we refer to them as immobile genetic elements (IGEs). 241 Since IGEs should only occur as single copies in the gDNA from abCherry, chimeric reads 242 between IGEs and other genes most likely represent amplification artefacts. We found the 243 rate of generating IGE chimeras was directly correlated to the expression level of the IGE 244 and the gene that it formed a chimeric molecule with. Critically, the IGE chimera rate was 245 substantially lower than that of chimera formed between genes and transposons. We 246 therefore used the rate of IGE chimera to filter the transposon chimera detected using 247 TEchim, defining a false discovery rate (FDR) of 0.1% (Figure 3b , Supplemental Table 3 252 Given that transposon expression was highly correlated with at least one neighboring gene, 253 we hypothesized that all transposon expression in the brain might occur as co-expression 254 with cellular genes. To test this, we focused on LTR retrotransposons. We quantified the 255 number of reads that spanned an LTR-gene breakpoint, and compared it to the number of 256 reads that crossed the LTR-transposon breakpoint within the transposon (Figure 4a ). 257 Autonomously expressed, full-length transposons only generate the latter type of read, whilst 258 non-autonomous expression should generate both kinds of reads, at varying proportions. 259 We found that around 95% of the highly expressed LTR transposons produced a roughly Table 4 ).
LTR retrotransposon expression is predominantly non-autonomously
275
Many transposons introduce cryptic alternative splice-sites into cellular genes 276 Given the abundance of reads that span a gene-transposon breakpoint, we next investigated 277 the structure of these transcripts in more detail. Our transposon mapping identified 887 loci 278 with a germline transposon insertion in the intron of a gene. For each of these we found Table 5 ). We screened the transposon sections around breakpoints for consensus splice-acceptor 320 (SA) and donor (SD) sequence motifs and found many cases where the gene-to-transposon 321 chimera had been formed at SA consensus motifs, and transposon-to-gene chimera at SD 322 motifs (Stephens and Schneider, 1992) (Supplemental figure 3, Supplemental Table 6 ). For 323 example, all breakpoints in antisense BLOOD that were formed with more than one exon 324 were precisely located at the predicted SA and SD splice site (Figure 5d ). Interestingly, we We also identified cases of alternative splicing to different sites within the same transposon 334 insertion. Again using ROO as an example, abCherry flies harbor a reverse orientation ROO 335 in the intron between exons 10 and 11 of the pan-neurally expressed mustard (mtd) gene, 336 which to date has only been implicated in fly innate immunity (Wang et al., 2012) ( Figure 5f ). 337 RNAseq revealed a complex collection of mtd splice variants that incorporated different 338 fragments of ROO (Figure 5g ). SD sites upstream of this ROO came from the end of either 339 mtd exon 11 or 13. and these spliced in to the corresponding SA at position 5462 within 340 ROO (Figure 5g ). We also found three different SD sites (at positions 641, 2784 and 5191) 341 within ROO, which spliced out to the closest downstream SA (exon 6) of mtd. Table 5 ). For example, we found a sense insertion of BLOOD inside the Dscam2 gene which Table 7 for complete list.
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Splicing into transposons is common and varies between strains 405 The transposon complement is highly variable between fly strains. We therefore tested 406 whether other fly strains express chimeric gene:transposon mRNAs by analyzing three 407 previously published mRNA sequencing data sets (Croset et al., 2018; Daines et al., 2011; 408 MacKay et al., 2012). Although these prior studies generated shorter paired-end RNAseq 409 reads, than those collected here, we were still able to find chimeric mRNAs in all three data 410 sets ( Supplemental Table 8 ). Some transposon:gene chimera were conserved across all 411 strains, whilst others appeared to be strain-specific. 318 of the 887 chimera identified in our 412 abCherry flies were present in at least one of the three other data sets, whereas 120 of 413 those occurred in at least three of the four strains. Chimera that were not detected in data 414 from other strains could either reflect genomic heterogeneity between the tested fly strains, 415 or the absence of evidence could result from lower sequencing coverage. Nevertheless, 416 these results demonstrate the prevalence of cellular mRNAs containing transposon The process of transposable elements acquiring new cellular functions that benefit the host 474 cell is called transposon exaptation (Gould and Vrba, 2013) . Several examples of exaptation 475 events during the evolution of eukaryotes have been reported. How these functional 476 transitions occur is, however, not fully understood (Joly-Lopez and Bureau, 2018). Stress-477 induced transposon mobilization has been observed in many species, and it has been 478 hypothesized that these mobilization events trigger the formation of new transposon-gene 479 chimera. Our results reveal a new mechanism by which transposons participate in the 480 generation of new gene variants. We show that transposons do not need to mobilize in order 481 to form chimeric mRNA molecules. Instead, the cellular gene splicing machinery frequently 482 uses intronic transposon insertions to increase transcriptional diversity.
484
Transposon sequences in the gDNA can deliver enhancer elements to cellular genes and 485 thereby influence their expression. However, our results do not support the idea that 486 transposons provide enhancer sequences contributing to neural expression of neighboring 487 genes. If this was the case, we would expect to have found that cellular genes that harbor 488 the same type of transposon are more likely to be expressed in the same cells. Our data 489 instead show that transposon expression is dictated by the genes they are inserted within. 490 This is further supported by the fact that many genes that share transposon insertions with 491 neurally expressed genes were not expressed in the brain. Whole-genome sequencing was performed on a HiSeq 2500, with 250nt paired-end reads. 541 We mapped the long reads using MRTemp, as previously described (Treiber and Waddell, 542 2017). 
